RESEARCH
T he ex situ collection of germplasm is an institutional innovation to preserve germplasm outside of the native range of a species (Koo et al., 2004) . Gene banks are playing an important role in the preservation, investigation, and utilization of germplasm of various crop species. Germplasm preserved in gene banks is intended for medium-to long-term storage under controlled conditions for future use (del Rio et al., 1997; Hawkes et al., 2000) .
Despite the considerable eff orts of gene bank curators, conditions at gene banks are sometimes vulnerable because of economic constraints, insuffi cient infrastructure (e.g., power failure), natural disasters, and local confl icts. Therefore, a duplication approach has been undertaken to avoid the loss of conserved germplasm by placing material in other gene banks, both domestic and overseas (Plucknett et al., 1987; van Hintum and Visser, 1995) . Duplicated entities allow for availability and access to the materials as well as equitable sharing among institutions (van Hintum, 2000) .
The original genetic attributes of accessions should be retained as much as possible after regeneration. Breese (1989) summarized
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factors to consider during the regeneration and multiplication of germplasm to minimize the eff ect of ex situ conservation on the genetic integrity of the germplasm. Mechanical contamination and diff erential genotypic survival in each stage during the regeneration process were among the factors. Unintentional selection, fertility diff erences, genetic drift, and genetic shift also contribute to the reduction of genetic diversity (Cross and Wallace, 1994; van Hintum et al., 2002) . The management of the regeneration process, such as mating design and the number of parents, may aff ect the genetic component of resultant progeny as well. It is diffi cult to maintain genetic integrity due to genetic drift and random eff ects in the cases of outcrossing species and mixtures of mainly self-fertilizing species (van Hintum et al., 2002) , such as wheat (Triticum aestivum L.).
Despite being preserved at diff erent locations, duplicate germplasm should be genetically equivalent. Although gene banks share the same objectives of securing longterm storage for maintaining the diversity and viability of germplasm, conditions and management systems vary among institutions. International institutes for the conservation of plant germplasm have provided guidance for implementing conservation management with adaptations for local operating conditions and target species (Breese, 1989; Hong and Ellis, 1996; Karp et al., 1997) . Absolute standardization of gene bank management to maintain genetic integrity would be a challenging task. Researchers have studied the genetic integrity of wheat, potato (Solanum tuberosum L.), and rye (Secale cereale L.) materials deposited at gene banks (Börner et al., 2000; Chebotar et al., 2003; del Rio et al., 2006) . Wheat landraces are often a mixture of diff erent genotypes. Because of this heterogeneous nature, the eff ect of gene bank preservation on the genetic integrity of wheat landraces is diff erent than that of registered varieties or breeders' lines.
The National Institute of Agrobiological Sciences (NIAS), Tsukuba, Japan, organized the collection expedition in collaboration with The materials collected during the expedition were divided at the PGRP laboratory and subsequently deposited in NIAS and PGRP (Nakagahra et al., 1990 ). This provided a good opportunity to test the factors that aff ect duplicated germplasm conserved at diff erent gene banks.
This study tested whether conservation at two gene banks, one in Japan and the other in Pakistan, would alter the genetic integrity of wheat landraces from identical sources. The main objectives were to track the changes in genetic diversity of wheat landraces through gene bank conservation and to compare the genetic integrities of the originally identical germplasms deposited in the two gene banks. Based on our fi ndings, we discuss the accession management in a gene bank and importance of study of duplicate materials from diff erent gene banks.
MATERIALS AND METHODS

Plant Materials
The bread wheat landraces used in this study were collected during the PARC/NIAR cereal collecting expedition in Pakistan in 1989. Thirty-three accessions of wheat germplasm were recorded in the collection expedition report (Nakagahra et al., 1990) . After the expedition, germplasms were divided and subsequently deposited in NIAS ( Japan) and PGRP (Pakistan). The wheat germplasms were conserved for 17 yr in each gene bank under diff erent institutional management policies.
Each gene bank uses a diff erent system for assigning accession numbers to the collected germplasm. NIAS uses collection numbers as the name of gene bank entries, whereas PGRP assigns diff erent accession numbers upon deposition into the gene bank. Therefore, identities of the sources of NIAS and PGRP accessions were searched using the collection expedition report (Nakagahra et al., 1990) and passport information in the gene banks' catalogs. The collection numbers, dates, sites, and altitudes for accessions were obtained from the gene bank catalog of PGRP (Afzal et al., 1995) . After checking the correspondence of the collection year and country of origin, we identifi ed 35 accessions from the collection expedition registered at PGRP. At NIAS, however, 135 accessions from the same expedition were registered because heterogeneous accessions were split based on morphological diff erences. The NIAS database is available online (www.gene.aff rc. go.jp/databases-plant_search_en.php; verifi ed 21 Sept. 2009).
A set of germplasm accessions that were conserved without regeneration after the fi eld collection in 1989 (Original) was used as the standard. Due to a lack of Original seed, amplifi ed fragment length polymorphism (AFLP) profi les were compared between 17 accessions of Original and the derivatives registered at NIAS and PGRP. The list of gene bank materials used in this study is provided in the Supplementary Table S1 .
AFLP Analysis
Seedlings of 11 to 16 individuals per accession were mixed and used for extraction of total DNA by the cetyl trimethyl ammonium bromide method (Doyle and Doyle, 1987) . The AFLP analysis was performed following Vos et al. (1995) . Approximately 2 μg of genomic DNA was digested with the restriction enzymes EcoRI and MseI in 12.5-μL reactions following ligation of adaptor nucleotides for both restriction ends. Pre-amplifi cation of restriction fragments was conducted with AFLP Pre-amp Primer Mix I (Invitrogen, Carlsbad, CA) in 25-μL reactions. Selective amplifi cations were performed in 8 μL containing 0.625 μM WellRED (Beckman-Coulter, Fullerton, CA) fl uorescently labeled forward primer (EcoRI primer), 0.625 μM MseI primer, 2.0 mM MgCl 2 , 0.2 mM dNTPs, and 0.2 unit of platinum Taq polymerase (Invitrogen). Three selective
RESULTS
Germplasm Management in Different Gene Banks
All wheat landraces collected in 1989 in Pakistan have experienced conservation in diff erent gene banks, NIAS and PGRP, for 17 yr. Before registration in the gene bank, the collected material was regenerated by NIAS; however, information about whether this occurred at PGRP was not available. Due to the decline of seed viabilities, the material at the two gene banks was regenerated once over the entire 17 yr. The information pertaining to growing conditions and the seed regeneration system at the two gene banks displayed remarkable diff erences (Table 1) . Both gene banks grew the wheat as a winter crop; however, the range of minimum temperatures during the growing season varied considerably. At NIAS, the regeneration was performed at four localities with diff erent climatic conditions. The most prominent diff erence among the localities was minimum temperature in the wheat-growing season, which ranged from -6.7°C in Sapporo to 0.5°C in Fukuyama. At PGRP, regeneration was performed only in Islamabad, where the minimum temperature was 2.9°C.
Nearly all the accessions at NIAS were separated into subaccessions based on the morphological variability of the progenies observed during regeneration. For example, accession 2426(3) was subdivided into six subaccessions: 2426(3)-(1), -(2), -(3), -(5), -(6), and -(7). The number of subdivisions ranged from two to eight depending on the heterogeneity in the original material. Because PGRP did not split or lump the accessions, the AFLP score of subaccessions was merged into one for the representative accession. The merging steps were as follows: (i) align and match the AFLP scores of all subaccessions sharing the same original accession number; (ii) identify the loci that do not match among the subaccessions; and (iii) if a band is present in at least one of the subaccessions, score the locus as present. This procedure made the NIAS accessions comparable with the Original dataset.
nucleotides were added to the 3' ends of MseI primers. Six primer combinations (EcoRI-ACT with MseI-CTA and-CTT; EcoRI-AGC with MseI-CAC, -CTA, -CTG, and -CTT) were tested. All amplifi cations were performed on a GeneAmp PCR System 9700 (Applied Biosystems, Inc., Foster City, CA).
Amplifi ed fragment length polymorphism fragments were separated and detected using a CEQ 8000 Genetic Analysis System (Beckman-Coulter) following the manufacturer's protocol. One microliter of the amplifi cation product was diluted with 10 μL of distilled water. The diluted amplifi cation product was added to 23 μL of sample loading solution with 0.12 μL of internal size standard. Sample plates were loaded onto the CEQ 8000 system and then denatured at 90°C for 120 s before being separated through linear acrylamide containing 0.7 M urea in a 33 cm × 75 μm capillary array at 6.0 kV for 60 min. The reproducibility of AFLP fragments was determined by conducting eight repeat runs for a bulked sample surveyed, and yielded the same AFLP pattern for all set of primers.
Data Analysis
Amplifi ed fragment length polymorphism fragments were analyzed using the fragment analysis function of the CEQ 8000 software, version 8 (Beckman-Coulter). After scoring, the results were adjusted manually. Amplifi ed fragment length polymorphism fragments that were not separated by 1.5 nucleotide diff erences were grouped. A binary matrix table was created according to the presence (1) or absence (0) of alleles.
AFLP-SURV version 1.0 (Vekemans et al., 2002 ) was used to estimate pairwise relatedness coeffi cients, pairwise distances, and genetic variation within and between groups of accessions according to the methods of Lynch and Milligan (1994) . Presence or absence of the fragments was compared between Original vs. NIAS and Original vs. PGRP for each accession that was derived from an identical source. Analysis of Molecular Variance (AMOVA; Excoffi er et al., 1992) was performed using the software GeneAlEX 6.1 (Peakall and Smouse, 2006) on groups of accessions, the Original set, NIAS, and PGRP. The diff erentiations among three groups were estimated in terms of PhiPT, which is the proportion of variance among groups relative to total valiance. Tests of signifi cance were based on 999 permutations. Table 2 shows AMOVA results on AFLP variation of the wheat landraces demonstrating that the most part (94%) of the total variation was caused by allelic variation within groups of accessions (within gene banks) and rest (6%) was explained as variation among the groups. PhiPT value, which summarizes the degree of diff erentiation among population divisions, was 0.063 (P < 0.001) among three groups. NIAS vs. PGRP exhibited the largest value of PhiPT (0.090, P = 0.001), followed by Original vs. PGRP (0.056, P = 0.001) and Original vs. NIAS (0.044, P = 0.004).
Diversity Indices and Genetic Variation
Changes in the Allele Numbers between NIAS and PGRP
The genetic integrity assessment of each duplicated germplasm was made based on the presence or absence of bands. We classifi ed the observations into three categories: disappeared (present to absent, 1 to 0), appeared (absent to present, 0 to 1), and unchanged (1 to 1 and 0 to 0). The average numbers of alleles that disappeared and appeared were 2.29 and 7.65 at NIAS and 5.18 and 4.82 at PGRP, respectively (Table 3) . Thus, fewer bands disappeared at NIAS and new bands were also observed at both gene banks. There was no correlation between the number of bands that appeared and the number of subaccessions at NIAS. The average numbers of unchanged bands at NIAS (153.06) and PGRP (153.00) were almost the same. We analyzed the numbers of unchanged alleles for each accession at NIAS and PGRP in comparison with the Original (Tables 4, 5 ). Chisquare tests showed that there were no signifi cant diff erences, except for one accession preserved at NIAS [2440(2), P = 0.02].
Genetic Drift during Gene Bank Conservation
To analyze the eff ect of genetic drift during the gene bank conservation, we compared the number of disappeared bands at each locus. Among the 161 AFLP loci scored, we identifi ed 58 loci for which AFLP bands disappeared in either NIAS or PGRP accessions (Fig. 1) . Of the 58 loci, 26 displayed a loss of bands in NIAS and PGRP accessions, whereas four loci exhibited a loss of bands only in NIAS accessions and 28 loci only in PGRP accessions. The highest number of disappeared bands was observed at locus 40_61_141, for which 12 accessions in PGRP showed a loss of bands. However, no changes occurred at this locus in NIAS accessions.
DISCUSSION
Maintenance of Genetic Diversity of Wheat Landraces through Gene Bank Conservation
Wheat landraces collected in Pakistan maintained overall genetic diversity through 17 yr of preservation at NIAS and PGRP gene banks. The loss of alleles was observed in both NIAS and PGRP accessions but the genetic diversity and allele frequency was not signifi cantly changed by chi- square test as compared to the Original seed materials, except accession 2440(2) at NIAS. Phi statistics of AMOVA demonstrated a statistically signifi cant level of genetic differentiation among groups of accessions. However, these values were smaller than the PhiST values among diff erent market classes of wheat cultivars in the United States, which attribute very small total variance compared with the value of the samples used in this study (Barrett and Kidwell, 1998) . Since only a small part of the total AFLP variation was explained with the between groups variation, we concluded that the genetic diff erentiation was signifi cant but the eff ect was small.
The chi-square test examined whether or not alleles of NIAS and PGRP accessions diff ered from those of Original accessions; on the other hand, AMOVA evaluated genetic diff erences between groups of accessions in relation to variation within group (gene banks) using a nonparametric resampling approach (Excoffi er et al., 1992) . The main reason for the inconsistency was probably that AMOVA considers both the number of bands and the frequencies and thus is more sensitive than chi-square test. Phenotypic variation observed during the regeneration and subsequent subaccession procedure at NIAS indicated that the original collections were mixtures of diff erent genotypes. The overall genetic diversity and allelic integrity of the accessions were maintained despite the heterogeneous characteristics of the wheat landraces collected from the fi eld. The genetic structures of groups of accessions in both gene banks, however, were aff ected by the registration and conservation. Cross and Wallace (1994) simulated the degree of genetic diversity loss within heterogeneous self-pollinating plants through regeneration, assuming that mixture of genetically distinct 1000 individuals with 10% selection pressure per regeneration cycle. They found rapid truncation of genetic variation after two to three regeneration bouts, with only 50% of the original heterogeneity retained. Our study showed that the diff erent conditions of the two gene banks had more impact on the genetic structure than on allele conservation of the wheat landraces. The preservation of alleles might have been due to the relative homogeneity of accession compared with the simulation of Cross and Wallace (1994) , low frequency of regeneration, and management practices taken in both gene banks. Our results indicated that several regenerations may accelerate alteration of the original genetic components as shown by the signifi cant level of genetic diff erentiation revealed by phi statistics. We emphasize that regeneration was conducted only once in the both gene banks thus, continual monitoring of the genetic diversity conserved in gene bank accessions will be necessary.
Consequences of Gene Bank Conservation on Genetic Integrity
Some single-allele changes were observed for each accession in both NIAS and PGRP in comparison with Original. Genetic drift and random eff ects might have caused most of these changes. Considering the fact that about half of all disappeared loci were observed at the same loci in both NIAS and PGRP samples, conditions of the collected seeds from the fi eld may aff ect the genetic component of gene bank accessions. Poor germination in fi eld conditions, failure in seed setting, and diff erential seed maturity may be possible factors causing genetic drift in heterogeneous populations.
NIAS separates heterogeneous accessions into pure lines, a practice that succeeded in reducing the allele changes from the Original (four loci) as compared to the PGRP (28 loci). Cross and Wallace (1994) recommended the preservation of individual accessions as pure lines to prevent the loss of genetic variations. The AFLP band for locus 40_61_141 disappeared in 12 PGRP accessions, but no change was observed in NIAS accessions. Although AFLP markers are supposed to be neutral (Vos et al., 1995) , locus 40_61_141 disappeared selectively. Therefore, it may be linked closely with an allele that is sensitive to a selective pressure existing at PGRP but not at NIAS. With the continued presence of the selection pressure, PGRP entries may deviate markedly from the original allelic composition in the future.
Conclusions and Implications for Gene Bank Conservation
In the present study we made a comparative assessment of the genetic diversity of wheat landraces conserved at gene banks in Japan and Pakistan. Although the number of samples assayed and regeneration cycles were relatively small, our fi ndings highlight the need for research on the genetic integrity of materials conserved in gene banks.
The overall genetic diversity of wheat landraces collected in Pakistan was conserved at NIAS and PGRP despite considerable diff erences in germplasm management at the two gene banks. However, AMOVA revealed that a small but signifi cant genetic diff erentiation between the set of accessions was conserved in both gene banks. Frequent loss of bands at a particular locus of PGRP accessions implied possible unintentional selection at that gene bank. Our fi ndings indicated that splitting heterogeneous collections into subaccessions is an eff ective way of preserving germplasm, although it increases the size and cost of maintaining a collection (van Treuren and van Hintum, 2001) . When comparing the genetic integrity of each NIAS subaccession with the Original, we did not detect signifi cant diff erences in the number of unchanged alleles. The disappearance of AFLP bands was relatively high in PGRP accessions as compared to those of NIAS. Effi cient gene bank management depends on capacity and resource availability but the splitting approach used at NIAS appears to succeed in preventing the loss of alleles during regeneration.
Wheat landraces result from a long history of adaptation under local environments and selection by farmers. We previously observed that a particularly high genetic diversity of wheat landraces exists in northern Pakistan (Hirano et al., 2008) . We had intended to explore the same area again to assess the status of genetic diversity in wheat landraces nearly two decades after the fi rst exploration, but the geopolitical situation in the region did not permit us to initiate such a study. This situation highlights the fact that ex situ gene bank conservation can play an important role as a safeguard of in situ conservation and the importance of accession management for the maintenance of genetic integrity of gene bank accessions. 
